2,4-Pyridinedicarboxylic acid (2,4-PDCA) extends the vase life of cut flowers of spray-type carnations by accelerating flower opening as well as retarding senescence. Since 2,4-PDCA can inhibit 2-oxoglutaratedependent dioxygenases, which include enzymes for gibberellin (GA) biosynthesis and catabolism, we hypothesized that GA might be involved in the enhancing effect of 2,4-PDCA on the flower opening of carnation. In this study, we tested this possibility by examining the changes in gene expression of DELLA protein (GAI), a negative regulator of GA signaling, and GA levels in carnation (Dianthus caryophyllus L. 'Light Pink Barbara (LPB)') flowers treated with 2,4-PDCA. We also analyzed the expression of cell expansion-related genes, xyloglucan endotransglucosylase/hydrolase (XTH), and expansin genes as markers of flower opening in the treated flowers. The transcript level of GAI gene was increased, whereas that of expansin was decreased, in petals of the 2,4-PDCA-treated flowers compared to those of the control, which was contrary to the enhancement of flower opening. Our results suggest that the changes in the expression of these genes are not associated with the enhancing effects of 2,4-PDCA. In addition, GA 3 content tended to be decreased by 2,4-PDCA treatment in the petals of opening flowers. Flower opening was not accelerated, but rather delayed, by treatment of flower buds with exogenous GA 3 and not affected by paclobutrazol, an inhibitor of GA biosynthesis, in 'LPB' carnation. These results suggest that endogenous GA is not associated with the enhancement of flower opening by 2,4-PDCA in carnation.
Introduction
Carnation is a popular and economically important cut flower in the floriculture industry in many countries. During the senescence of carnation flowers, a climacteric increase in ethylene production occurs, resulting in in-rolling of petals and wilting of whole flowers (Abeles et al., 1992; Satoh, 2011) . The effect of ethylene during senescence can be suppressed by treatment with inhibitors of ethylene biosynthesis or action carnation. Also, we showed recently that 2,4-PDCA treatment delays senescence and prolongs the vase life of cut flowers of 'Light Pink Barbara (LPB)' and 'Mule', both of which are spray-type carnations (Satoh et al., 2014) . In addition, 2,4-PDCA has enhancing effects on flower opening in 'LPB' as well as many cultivars of spray-type carnation Satoh et al., 2016) . The treatment with 2,4-PDCA leads to acceleration of flower opening and an increase in the total number of open flowers . To our knowledge, this is the first example that a single chemical has both the activities to promote flower opening and to retard senescence in carnation flowers. 2,4-PDCA is a promising candidate compound for application as a flower care agent.
As mentioned above, 2,4-PDCA inhibits ethylene biosynthesis during senescence in carnation flowers (Vlad et al., 2010) . However, it is unlikely that 2,4-PDCA affects ethylene production in opening flowers since ethylene production is under the detectable level during the flower opening process, which is only detected at the onset of senescence after the fully-open stage (Satoh et al., 2014) . Also, we observed STS treatment caused no significant effects on flower opening in several carnation cultivars (Nomura and Satoh, unpublished data) . These facts suggest that ethylene does not play a role in the flower opening process in carnation. Considering the action of 2,4-PDCA, inhibition of OxoGA-dependent dioxygenases might affect gibberellin (GA) levels in cells. OxoGA-dependent dioxygenases include the enzymes involved in GA biosynthesis and metabolism, such as GA 3β-dioxygenase (GA 3β-hydroxylase), GA-44 dioxygenase, and GA 2β-dioxygenase (GA 2β-hydroxylase) (Hedden and Kamiya, 1997; Lange et al., 1994a, b; MacMillan, 1983, 1986) , which suggests a possibility that 2,4-PDCA treatment results in the changes in active GA levels. GA is suggested to be involved in the flower opening process of carnation since treatment of carnation buds with paclobutrazol (PBZ), an inhibitor of GA biosynthesis, prevented full opening of the buds (Saks et al., 1992) . Therefore, we hypothesized the association of GA with the enhancing effects of 2,4-PDCA on flower opening in carnation flowers.
In order to examine the above-mentioned possibility, we investigated whether 2,4-PDCA treatment led to the changes in GA levels in carnation flowers in this study. Also, we analyzed the influences of 2,4-PDCA on the GA signaling pathway since alteration in GA levels should affect the GA signaling pathway to exert its action. For this purpose, we selected a DELLA protein, a negative regulator of the GA signaling pathway, for investigation. The DELLA proteins encoded by GAI (GA-INSENSITIVE) gene and its homologs are members of GRAS transcription factor (Pysh et al., 1999) and act as growth suppressors (Harberd et al., 2009 ). In opening flowers of rose, transcriptional regulation of a DELLA gene, RhGAI1, is involved in the regulation of petal cell expansion (Luo et al., 2013) . Therefore, we characterized the GAI (DcGAI) gene in carnation and analyzed its expression in 2,4-PDCA-treated flowers. In addition, we analyzed the expression of cell expansion-related genes as markers of the flower opening process. These genes encode proteins involved in cell wall expansion, such as xyloglucan endotransglucosylase/hydrolase (XTH) and expansin, both of which are expressed abundantly in opening flowers of carnation (Harada et al., 2011) . Through these analyses, we examined the possibility of the involvement of GA with PDCA action in carnation.
Materials and Methods

Plant materials and chemical treatment
Cut carnation flowers (Dianthus caryophyllus L. 'LPB') that belong to the spray category of carnation flower were harvested when the first flower out of 6 to 8 flower buds was nearly open on a stem at the nursery of commercial growers. The flowers were transported without supply of water to the Biotechnology Research Department, Kyoto Prefectural Agriculture, Forestry and Fisheries Technology Center in Kyoto Prefecture or Faculty of Agriculture, Ryukoku University in Shiga Prefecture on the day after harvest. After arrival, they were put in plastic containers with their cut end in tap water under continuous light from white fluorescent lamps (14 μmol·m −2 ·s −1 ) at 23°C. The flower opening process was separated into 6 opening stages (Os) and senescence process into 4 senescence stages (Ss) according to Harada et al. (2010) and Morita et al. (2011) , respectively. Ten outermost petals per flower were sampled at the respective stages, and stored at −80°C for extraction of RNA. Other floral tissues, including calyx, style, receptacle, and ovary, were sampled from plants with fully opened flowers and stored as above. In carnation flowers, the stigma is along the surface of the style (rather than a distinct structure like in other flowers). Therefore, the term 'style' was used to describe the style plus stigma in this study. Three independent samples of each tissue were collected at each stage.
Carnation flowers at Os1 to Os2 were used for 2,4-PDCA treatment. For analysis of gene expression, three samples (bunches) of 5 flower stalks (trimmed to 60-cm length), with 28-32 flower buds in total per sample were put in 50-mL plastic tubes with 30 mL test solution (one sample per plastic tube). For measurement of GA content, triplicated samples of 8-9 flower stalks (trimmed to 60-cm length), with 15-27 buds per sample were put in 0.9-L glass jars with 300 mL of test solution ) at 23°C and 50-70% relative 520 humidity. Flower opening was scored daily by determining the flower opening stage for each flower. Flowers at Os4 to Os6 were regarded as flowers in vase life, and the ratio of these flowers to the total number of flowers per sample was calculated. Petals were sampled from the plants and stored at −80°C until use.
GA 3 and PBZ treatment was performed by a similar procedure to 2,4-PDCA treatment with modifications. Three samples of 5 flower stalks (trimmed to 60-cm length), each with 5 flower buds (25 buds in total per sample) were put in 0.9-L glass jars with 300 mL of test solution. The test solutions consisted of GA 3 or PBZ at 0 (control), 10, 30, and 100 μM dissolved in distilled water, and 100 mg·L −1 8-hydroxyquinoline sulfate (8-HQS) was added to the solutions as a germicide. The flowers were kept under the same conditions as 2,4-PDCA treatment for 24 days. During this period the test solutions were replenished as necessary. Fully-open and non-senescent (not wilted and turgid) flowers at Os6 to Ss2 were counted daily and the percentage of these flowers to the total number of initial flower buds per sample was calculated.
Cloning of cDNA for carnation GAI
The amino acid sequences of five DELLA genes from Arabidopsis (AtGAI, AtRGA, and AtRGL1-AtRGL3; Harberd et al., 2009) were retrieved from The Arabidopsis Information Resource (TAIR) database (TAIR10; Lamesch et al., 2012 ; http://www. arabidopsis.org). Carnation open reading frames (ORFs) homologous to the Arabidopsis DELLAs were searched for by BLAST (Altschul et al., 1997) in the carnation genome sequence database (Carnation DB; Yagi et al., 2014 ; http://carnation.kazusa.or.jp/index. html). A primer set (see Table 1 ) was designed in the 5'-and 3'-ends of an ORF (Dca34377.1) found in the Carnation DB and used for amplification of the coding region of the ORF.
Total RNA was prepared from 2 g of frozen petals according to Harada et al. (2005) . Single strand cDNA was synthesized from the total RNA with ReverTra Ace reverse transcriptase (Toyobo, Osaka, Japan) using an oligo dT primer. A cDNA covering the entire sequence of the carnation GAI ORF was amplified by polymerase chain reaction (PCR) using a high-fidelity DNA polymerase, KOD plus (Toyobo). The amplified fragments were cloned into the pGEM-T vector (Promega, Madison, WI, USA) after A-tailing with Taq polymerase (Toyobo). The sequence of the cDNA from 'LPB' (DcGAI-LPB) was confirmed by sequencing on both strands. Multiple alignment of DcGAI-LPB and DELLA proteins from Arabidopsis and rice was performed by ClustalW (Larkin et al., 2007) on the website of the DDBJ (http://clustalw.ddbj.nig.ac.jp) with a default setting (ver 2.1). The sequence of DcGAI-LPB was deposited in the DDBJ, EMBL, and NCBI sequence databases under accession no. LC148053. In order to search for GAI homologs further in the carnation genome, genomic sequences (scaffold sequences) were also searched for by BLASTN using the nucleotide sequence of DcGAI-LPB as a query in the Carnation DB. The sequences of scaffolds found by the search and that of Dca34377.1 were compared with GENETYX software (GENETYX, Tokyo, Japan). Database searches for GAI homologs in poplar (Populus trichocarpa), grape (Vitis vinifera), tomato, and soybean were performed in the Ensembl Genomes database (Release 30; Kersey et al., 2016 ; http:// ensemblgenomes.org/).
Expression analysis by qRT-PCR
Total RNA was extracted from frozen samples and cDNA synthesis was performed as described above. To analyze the transcript levels of DcGAI, DcXTH2, and DcEXPA2 genes, primer sets (listed in Table 1) were designed for each gene. Partial cDNA fragments of respective genes were amplified from petal cDNAs by PCR using the primer sets. They were cloned into the Extraction, purification, and assay of GA 3 were performed according to Chiwocha et al. (2003) , with modifications. Frozen samples (0.1-0.15 g FW) were ground in liquid N 2 , and GA was extracted with 4 mL of isopropanol/acetic acid (99:1). An internal standard of 100 pmol of [ 2 H 2 ]-GA 1 (OlChemIm Ltd., Olomouc, Czech Republic) was added to the extract, and the homogenate was clarified with centrifugation at 20000 × g for 10 min at 4°C. Extraction was performed again by resuspending the pellet with 1.8 mL of isopropanol/ acetic acid (99:1). The extract was passed through a Sep-Pak tC18 Plus cartridge (400 mg sorbent; Waters Co., Milford, MA, USA), which was equilibrated with 4 mL of methanol followed by 4 mL of isopropanol/ acetic acid (99:1), and dried with SpeedVac (Thermo Fisher Scientific K.K., Yokohama, Japan). The samples were dissolved in 200 μL of methanol, and passed through a 0.2 μm-membrane filter. GA 3 analysis was performed with a liquid chromatograph-tandem mass spectrometer (LCMS-8050; Shimadzu, Kyoto, Japan) equipped with an Inertsil ODS-3 column (3 μm, 2.1 mm i.d. × 150 mm, GL Sciences Inc., Tokyo, Japan). Samples were separated by a linear gradient of acetonitrile concentration from 1 to 22% over 5 min then to 45% over 10 min in the presence of 0.04% acetic acid at a flow rate of 0.25 mL·min 
Results and Discussion
Cloning and characterization of GAI homolog in carnation
In the Carnation DB, an ORF (Dca34377.1) was annotated as a DELLA gene in 'Francesco' carnation. Since there are five DELLA genes in Arabidopsis, there was a possibility that multiple DELLA genes existed in the carnation genome. In order to search for ORFs of carnation GAI homolog (DcGAI), a BLASTP search was performed using amino acid sequences of Arabidopsis DELLAs as queries. The results revealed that Dca34377.1 was the top hit against either of the query sequences and no other full-length coding sequences were found. Therefore, we assumed Dca34377.1 was the only ORF encoding DcGAI in the Carnation DB. Based on the sequence of Dca34377.1, we amplified and cloned the cDNA of DcGAI from 'LPB'. The cDNA (DcGAI-LPB) encoded 595 amino acids, which was shorter by 6 amino acids than Dca34377.1. The homology between amino acid sequences of Dca34377.1 and DcGAI-LPB was 97.0%, and there were substitutions of 12 amino acids (Fig. 1) . There are 2 conserved motifs, DELLA and VHYNP, in the N-terminal region of DELLA proteins that are essential for interaction of DELLA proteins with GA receptor, GIDs (Griffiths et al., 2006; Ueguchi-Tanaka et al., 2007) . These motifs were conserved in DcGAI-LPB as well as DELLAs from Arabidopsis and rice ( Fig. 1) , suggesting that DcGAI-LPB is a functional DELLA protein in carnation.
In order to search for whether there are any other DcGAI genes, we performed a BLASTN search of the scaffold sequences using the nucleotide sequence of DcGAI-LPB as a query in the Carnation DB. Three scaffolds (scaffold3543, scaffold4311, and scaffold15839) were found, among which scaffold3543 encoded Dca34377.1 since the coding sequence was completely identical (data not shown). The sequence of scaffold15839 was highly similar to that of scaffold3543 in 3'-downstream region (760 bp) as well as the coding region, although the sequence of 5'-upstream region of scaffold3543 is unknown. This result suggests that these two scaffold sequences are alleles of an identical locus. In contrast, the polypeptide encoded by scaffold4311 lacked the DELLA motif in its N-terminal region and it was not supposed to be a functional DELLA gene. Although some species have multiple GAI homologs (5 genes in Arabidopsis, 4 in poplar and soybean, and 2 in grape), the rice genome contains only one GAI gene. Our results suggest that there is a single GAI gene encoded in the carnation genome, and that DcGAI plays a central role in the GA signaling pathway in carnation.
Expression profiles of DcGAI in carnation flowers
We performed qRT-PCR analysis of this gene in various tissues of carnation flowers (calyx, style, receptacle, ovary, and petals). DcGAI was expressed in all the tissues examined ( Fig. 2A) . A high level expression was observed in calyx, and the expression levels in style, receptacle, ovary, and petals were low. We also analyzed the changes in expression levels of DcGAI in petals of carnation flowers during the flower opening process. The transcript level of DcGAI was high at the early stages of flower opening (Fig. 2B) , and it peaked at Os2 and then decreased at later stages (Os4-Os6).
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Expression of DcGAI in PDCA-treated carnation flowers
In order to test the possibility that 2,4-PDCA treatment affects the expression of DcGAI in opening flowers of carnation, we examined the expression of the gene in 2,4-PDCA-treated flowers. Flowers at Os1 to Os2 were treated with 2 mM 2,4-PDCA for 10 days. An increase in the number of flowers in vase life (Os4 to Os6) by PDCA treatment was observed compared with the control flowers (Fig. 3A) , indicating the enhancement of flower opening as observed in our previous study . Using petals sampled from these flowers, expression of DcGAI was examined by qRT-PCR. The expression of the gene was decreased in accordance with the progression of the flower opening process in the control flowers (Fig. 3B) . In contrast, the expression of DcGAI was maintained at a high level in 2,4-PDCA-treated flowers, and was significantly higher than that in the control flowers at day 10 (Fig. 3B) . Thus, an increase in the transcript level of DcGAI was observed in 2,4-PDCA-treated flowers. GAI is a negative regulator of GA action and suppresses growth and elongation (Harberd et al., 2009) . Therefore, it is supposed that the increase in DcGAI expression leads to suppression of petal cell growth, which does not coincide with the enhancement of flower opening. Therefore, it is likely that the alteration of GAI expression is not related to the enhancing effect of 2,4-PDCA. 
Changes in GA level by 2,4-PDCA in opening flowers of carnation
In order to examine whether 2,4-PDCA treatment affects GA levels, we measured GA content in petals of 2,4-PDCA-treated flowers. Although endogenous GAs acting in carnation have not been identified so far, we set out to measure the GA 1 content since several ornamental plants (Chrysanthemum morifolium, Eustoma grandiflorum, Gentiana triflora, Phalaenopsis hybrid, and petunia) contain GA 1 as a bioactive GA (Koshioka, 2004) . However, GA 1 was not detected in carnation petals in our LC-MS/MS analysis, which was contrary to our expectation (data not shown). We found GA 3 accumulated instead, and determined the GA 3 content in petals of opening flowers.
In this experiment, all the flowers starting from Os2 reached Os4-Os6 in 4 days under control condition (without 2,4-PDCA treatment) (Fig. 4A) . 2,4-PDCA treatment accelerated flower opening, and all the treated flowers reached Os4-Os6 in 2 days. We measured GA 3 content in the non-treated flowers at day 0 to day 4, and found that the GA 3 level tended to be decreased in the course of flower opening (Fig. 4B) . We also measured GA 3 content in 2,4-PDCA-reated flowers at day 1, when the treated-flowers showed a significant increase in the number of open flowers. As a result, we observed a tendency that GA 3 content in the 2,4-PDCA treatedflowers was lower than that in the control (Fig. 4C) .
Our results mentioned above indicate that 2,4-PDCA increases the gene expression of the growth suppressor, GAI (Fig. 3B ), and decreases the GA level (Fig. 4C) , suggesting that GA signaling and action are altered by 2,4-PDCA treatment. However, such changes are contradictory to the enhancement of flower opening, which suggests that GA is not associated with the enhancing effect of 2,4-PDCA in carnation flowers.
Effect of GA and PBZ on flower opening in carnation
Although our initial hypothesis that GA is associated with the action of 2,4-PDCA was denied, the involvement of GA in the flower opening of carnation was suggested by a previous study (Saks et al., 1992) . We then tested whether application of GA or PBZ affected flower opening in our experimental system. We treated flowers at Os1 and Os2 with 10 to 100 μM GA 3 , and observed that flower opening was not accelerated but delayed by the treatment (Fig. 5A) . Also the number of fully-open flowers showed no significant change by 10 μM GA 3 and rather was decreased by 30 and 100 μM GA 3 treatment (Fig. 5A) . Although senescence was delayed as reported by a previous study (Saks et al., 1992) , no enhancement of flower opening was achieved by exogenous application of GA 3 . We also treated flowers at Os1 and Os2 with PBZ at 10 to 100 μM, and monitored the opening and senescence of the flowers (Fig. 5B) . We observed no significant effects of PBZ in the treated flowers at all the concentrations tested. However, PBZ treatment unexpectedly caused a significant increase in the endogenous GA 3 level in petals, which was revealed by the measurement of GA 3 content (Fig. 4B) . These results indicate that the increase in GA level has no effect on flower opening, and suggest that endogenous GA is not involved in flower opening in 'LPB' carnation.
These results are contrary to our hypothesis at the beginning of this study, and the result of PBZ treatment is inconsistent with the previous study by Saks et al. (1992) . Although we have no experimental evidence, there are two possibilities for explaining the inconsistency between the current and previous studies. First, the discrepancy might be due to a difference in cultivars used. The action of plant hormones and growth regulators can vary among cultivars. Saks et al. (1992) used 'White Sim' as a material, which belongs to the standard type carnation. In contrast, we used the spray-type cultivar 'LPB'. PBZ treatment elevated the GA 3 level in petals of 'LPB' in our experiment, which was a completely opposite result to our expectation. The unexpected increase in the GA 3 level might be due to the feedback regulation of GA biosynthesis (Xu et al., 1999) the current and previous studies might be differences in experimental conditions. The effect of PBZ seems to be different according to the stage during the flower opening process. This notion is based on the result that differential effects of PBZ treatment were observed depending on the stage when the treatment started (Saks et al., 1992) . The PBZ treatment of flower buds at stage II caused inhibition of flower opening, whereas it caused no effects to buds at stage III (Saks et al., 1992) . Since Os2 in our study corresponds to stage III in the previous one, we might have failed to detect the expected effect of PBZ in our experiment. In any case, the current results demonstrated that the elevation of GA level caused no significant changes in flower opening, which implies that GA does not participate in flower opening in 'LPB'.
Expression of DcXTH and DcEXP in PDCA-treated carnation flowers
In order to gain further insights into the possible mechanism of 2,4-PDCA action, we examined the expression of cell expansion-related genes in 2,4-PDCAtreated flowers. We selected DcXTH2 and DcEXPA2 for this analysis since they were associated with petal growth during flower opening (Harada et al., 2011) . DcXTH2 is expressed abundantly in petals and its expression is higher at Os3 than at any other stages of the flower opening process. The expression level of DcEXPA2 is highest among the three DcEXPA genes and peaks at Os2 and Os3 during flower opening. Although it is unclear that these genes are responsive to GA, it does not matter since the aim of this analysis is to clarify whether 2,4-PDCA exerts its action through modulation of genes associated with cell expansion.
We performed qRT-PCR of DcXTH2 and DcEXPA2 using the same cDNA samples as expression analysis of DcGAI in 2,4-PDCA-treated flowers (Fig. 3B) . The transcript level of DcXTH2 did not show significant changes by 2,4-PDCA treatment (Fig. 3C) . In contrast, the expression of DcEXPA2 was lower in 2,4-PDCAtreated flowers than the control at day 2 and thereafter, whereas the control flowers showed up-regulation of the gene (Fig. 3D) . Thus, 2,4-PDCA caused a decrease in the transcript level of DcEXPA2 in carnation flowers. However, the decrease in DcEXPA2 expression can have a negative effect on the expansion of the cell wall that results in suppression of petal cell growth, which does not coincide with the enhancement of flower opening. Therefore, it is likely that the change in expression of DcEXPA2 is not related to the enhancing effect of 2,4-PDCA.
Considering a possible mechanism of 2,4-PDCA action, OxoGA-dependent dioxygenases inhibited by 2,4-PDCA include prolyl 4-hydroxylases (P4Hs) (Kivirikko and Myllyharju, 1998; Kivirikko and Pihlajaniemi, 1998; Vlad et al., 2010) . Proline hydroxylation catalyzed by P4Hs is a major posttranslational modification of cell wall hydroxyproline-rich glycoproteins that are implicated in cell wall structure and function (Cassab, 1998) . The inhibition of P4Hs by 2,4-PDCA was shown in carnation flowers (Vlad et al., 2010) . In addition, silencing of tomato P4Hs resulted in enhanced growth of roots and shoots (Fragkostefanakis et al., 2014) . Therefore, it is possible that 2,4-PDCA treatment might affect the growth of petal cells by inhibiting P4Hs in opening carnation flowers.
In summary, we revealed that 2,4-PDCA affects expression of GAI and expansin genes in opening flowers of carnation, but it seems that this effect is not related to the enhancement of flower opening by 2,4-PDCA. In addition, our results suggest that GA is not associated with the enhancing effect of 2,4-PDCA since the GA level was not elevated by 2,4-PDCA treatment in opening flowers of carnation. The GA level in carnation tended to be decreased by 2,4-PDCA treatment, which might be caused by the inhibition of enzymes involved in GA biosynthesis. It is possible that 2,4-PDCA could have a similar influence on the GA level in other species as well. Also, there is a possibility that 2,4-PDCA has pleiotropic effects by inhibiting OxoGA-dependent dioxygenases such as P4Hs and/or ACC oxidase. The examination of the effects of 2,4-PDCA in other ornamental and crop plants is a subject of future study.
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